
210. 

SELF-ASSOCIATION OF PHENOL I N  NON-POLAR SOLVENTS 

Kermit B. Whetsel and J. Harold L d y  

Tennessee Eastman Co. , Dipis ion  of Eastman Kodak Co. , Kingsport, Tenn. 37660 

Although the  se l f - a s soc ia t ion  of  phenol has been studied b y  a v a r i e t y  of methods, 
our knowledge o f  t h e  thermodynamics of t h e  process i s  still  incomplete. Thermo- 
dynamic constants f o r  t h e  d imer iza t ion  of phenol i n  carbon t e t r a c h l o r i d e  solution 
have been reported (1, 2), b u t  comparable da t a  for the formation of higher m u l t h r s  
a r e  not ava i lab le .  Furthermore, t he  e f f e c t s  of so lven t s  on t h e  se l f - a s soc ia t ion  
vrocess have not been repor ted .  

The sb jec t ive  o f  t h e  present  work was t o  determine thermodynamic cons tan ts  f o r  the  
dimer and higher multimers of phenol i n  carbon t e t r a c h l o r i d e  and cyclohexane solu- 
t i ons .  The i n t e n s i t y  o f  t h e  first overtone 0-H s t r e t c h i n g  band o f  phenol was 
measured a s  a func t ion  of concent ra t ion  and temperature i n  b o t h  so lvents  and the 
f i t  of t h e  da ta  t o  a v a r i e t y  of se l f - a s soc ia t ion  models tes ted .  A method was 
developfd f o r  ca l cu la t ing  t h e  approximate a b s o r p t i v i t y  of 0-H end groups i n  l i n e a r  
assoc ia ted  species and f o r  t a k i n g  t h i s  f a c t o r  i n t o  account i n  t h e  determination 
uf formation constants.  The e f f e c t s  o f  concentration, temperature, and solvent 
upon t h e  fundamental 0-H s t r e t c h i n g  bands of phenol were inves t iga ted  b r i e f l y .  

EXPERIMENTAL 

Equipment and Ha te r i a l s .  Measurements i n  t h e  fundamental and first overtone 
r eg ions  were made w i t h  Beclanan IR-9  and Cary Model 14 spectrophotometers, respec- 
t i v e l y ,  equipped with thennos ta ted  ce l l  holders.  Spectral slit widths were 
approximately 2.3 cm-l i n  t h e  fundamental reg ion  and 6.4 cm-’ i n  t h e  overtone 
region. Spectro grade cyclohexane was used a s  received. Reagent grade carbon 
t e t r a c h l o r i d e  was d r i ed  over molecular s i eve  Type 5A. 
d i s t i l l e d  and s tored  i n  a des i cca to r  over Drierite and phosphorous pentoxide. 
When not be ing  used, a l l  s o l u t i o n s  were s tored  i n  glass-stoppered f l a s k s i n  a 
d e  s i c  cat or. 

Reagent grade phenol was 

Calculations.  For t h e  s e l f - a s s o c i a t i o n  e q u i l i b r i a  nCl* Cn, t h e  following equations 
a PPlY : 

(1 1 
Cn 

C” 
Kn = - 

where A i s  absorbance, 1 i s  p a t h  length ,  CL is monomer concentration, Cl i s  s to ich io-  
metric concentration, €1 i s  monomer abso rp t iv i ty ,  and En i s  t h e  a b s o r p t i v i t y  of 
polymeric species.  For the s p f c i a l  case of En = 0, equat ions  2 and 3 reduce t o  
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The number of unknown parameters i n  Equation 5 can be reduced by imposing t h e  
r e s t r i c t i o n  that t h e  stepwise formation cons tan ts  f o r  a l l  multimers above dimer 
a r e  equal. This typf o f  a s soc ia t ion  i s  described by the  expressions: 

where 
K2Kn-', and the  only unknowns i n  Equation 5 a r e  K2, K, and €1. 

The values of €1 required f o r  t he  so lu t ion  of Equation 5 were determined by ex t r a -  
po la t ing  p l o t s  of apparent a b s o r p t i v i t y  versus  C z  t o  i n f i n i t e  d i lu t ion .  The form- 
a t i o n  constants were ca lcu la ted  using a computer and a standard l e a s t  squares 
methcd f o r  nolynomials. The program used t o  solve the  genera l  form of Equation 5 
allowed formation cons tan ts  t o  be ca lcu la ted  f o r  s ing le  multimers or any combination Of 

multimers from dimer through octamer. The program used t o  solve the  r e s t r i c t e d  
form allowed the  cont r ibu t ion  of up t o  20 spec ies  t o  be taken i n t o  account. 

i s  independent of p when E > 2. Under these  condi t ions  Kn i s  equal  t o  

Equation 5 i s  not d i r e c t l y  appl icable  when en # 0, but it can be used t o  determine 
formation constants by an i t e r a t i o n  procedure as  follows: I n i t i a l  es t imates  of 
Kn a r e  obtained by assuming than  en = 0 and using Equation 5 i n  t h e  normal manner. 
A small i n c r e m n t  of end group abso rp t iv i ty  (A cn = 0.05 t o  0.10) i s  assumed and 
a set of corrected A / 1  values generated by using t h e  equation 

Th i s  s e t  of va lues  i s  subs t i t u t ed  i n t o  Equation 5 t o  obta in  second es t imates  of 
Kn. The second estimates of Kn and t h e  f irst  set o f  corrected A / 1  va lues  a r e  
subs t i t u t ed  i n t o  t h e  r i g h t  s ide  of Equation 7 t o  obta in  a second s e t  of corrected 
A / 1  values. Successive es t imates  of K, and co r rec t ions  of A / 1  are made u n t i l  t h e  
standard e r r o r  of f i t t i n g  Equation 5 passes through a minimum. The values of Kn 
g iv ing  the  minimum e r r o r  are taken as the  b e s t  e s t ima tes  of t hese  quan t i t i e s .  
approximate end group a b s o r p t i v i t y  i s  equal t o  E(A en),  where E i s  t h e  number of 
i t e r a t i o n s  required t o  obtain t h e  minimum e r ro r .  The b e s t  es t imate  of t he  end 
group abso rp t iv i ty  i s  ca lcu la ted  from the  equation 

The 

where ( A / I ) ~ ( N )  i s  the s e t  of c,orrected A / 1  va lues  which g ives  t h e  minimum error 
i n  f i t t i n g  Equation 5. 
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The i t e r a t i o n  procedure w a s  used only 
stepwise assoc ia t ion  constants ,  where 

with t h e  model involving dimerizat ion and 
Kn = GIP-2. The r e s u l t s  obtained when 

t h e  method was t e s t e d  wi th’synthe t ic  data  a r e  shown i n  Table I. While the 
method does not converge t o  t h e  t h e o r e t i c a l  values,  it y i e l d s  values  f o r  t h e  
f o m t i o n  constants  and en that a r e  within 5 and a$, respect ively,  of the t r u e  
values.  

S p e c t r a l  h t a .  Solut ions of phenol above a few hundredths molar show t h r e e  0-H 
bands i n  t h e  f’undamental region. 
bonded 0-H bands a r e  near 3500 and 3350 cm-l. The band near 3500 cm-1 i s  normally 
assigned t o  a c y c l i c  dimer s p c i e s  and the  one near 3350 an-l t o  l i n e a r  associated 
species .  
c reas ing  concentration and decreasing temperature. 

The f ree  0-H band i s  near 3612 an-’ and t h e  two 

The r e l a t i v e  i n t e n s i t y  of t h e  band near 3350 cm-l Increases  with in-  

The pr inc ipa l  fea ture  of t h e  first overtone spectrum i s  a f r e e  0-H band near 7050 
cm-l whose apparent a b s o r p t i v i t y  decreases as se l f -assoc ia t ion  occurs. 
0-H groups a r e  evidenced only b y  a broad, weak band extending from about 7050 t o  
6000 cm-l. 
hexane than i n  carbon t e t r a c h l o r i d e .  
hydrocarbon solvent,  however, and a t  concentrat ions above 0.1 o r  0 . 3  t h e  order 
of apparent a b s o r p t i v i t i e s  i s  reversed. 

Bonded 

The a b s o r p t i v i t y  of t h e  monomer i s  approximately SO$ g r e a t e r  i n  cyclo- 
Self-associat ion occurs more r e a d i l y  i n  t h e  

Model F i t t i n g .  
Dhenol concentrat ions l e s s  t h a n  0.1g were used. Several  d i f f e r e n t  models gave 
s a t i s f a c t o r y  f i t s  over t h i s  l imi ted  concentrat ion range. 
cons tan ts  derived from these  t e s t s  were appl ied t o  data  f o r  higher phenol con- 
cent ra t ions ,  the  agreement between ca lcu la ted  and observed absorbances de te r iora ted  
rap id ly .  

In  t h e  i n i t i a l  a t tempts  t o  f ind  t h e  b e s t  model, only t h e  da ta  f o r  

But when the fornat ion 

A v a r i e t y  of models were t e s t e d  using data f o r  phenol concentrat ions up t o  0.655 
i n  cyclohexane and 1.Og i n  carbon t e t r a c h l o r i d e .  
d i f f e r e n t  models a r e  shown i n  Table 11. 
f i t s  over a l imited range of concentrat ion gave negative values  f o r  one o r  more 
cons tan ts  when t e s t e d  over the more extended range. 
dimerizat ion constant and equal  stepwise a s s o c i a t i o n  cons tan ts  f o r  higher m u l t i m e r s  
gave t h e  b e s t  f i t  i n  both  solvents .  

The standard e r r o r s  f o r  t h e  
Several  of t h e  models which gave good 

The model involving a 

I n  Figure 1 t h e  f i t s  of s e v e r a l  d i f f e r e n t  models a r e  shown graphical ly .  
f i t  of the dimer-stepwise model and t h e  poor f i t  of  most of  t h e  other  models a r e  
evident .  
give good f i ts ,  and subsequent ca lcu la t ions  showed that a t r h r - h e x a m e r  model did,  
indeed, provide a good f i t .  
c a l l y  e s  t h e  dimer-stepwlse model, and It was not s tudied further. 

The good 

These curves ind ica ted  t h a t  c e r t a i n  combinations of simpler models might 

!his model does not appear t o  be a s  plausible  physi- 
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Application of t he  end group cor rec t ion  t o  the  da t a  f o r  t he  carbon t e t r ach lo r ide  
system i s  i l l u s t r a t e d  by t h e  curves i n  Figure 2. 
t he  minima i n  the  standard e r r o r  curves correspond t o  an  end group abso rp t iv i ty  
of approximately 0.3 l./mole-an. 
between 2.5 and 46" was 0.4 l./mole-cm., which i s  equivalent t o  0.11~1. 

When the  end group cor rec t ion  was applied t o  t h e  da ta  for t h e  cyclohexane system, 
t h e  standard e r r o r  of f i t  decreased a t  f o u r  temperatures but d i d  not a t  t h r e e  others.  
The maximum value f o r  en  was 0.08~1 and the  average was only 0.0361. In  view of 
these  r e s u l t s ,  we do not f e e l  t h a t  appl ica t ion  of t he  cor rec t ion  t o  the  da ta  f o r  
t h e  cyclohexane system i s  va l id .  

Thermodynamic Results.  
stepwise assoc ia t ion  a r e  shown i n  Figure 3 .  
from t he  p l o t s  a r e  summarized i n  Table 111. The l i n e s  i n  Figure 3 f o r  t h e  carbon 
t e t r a c h l o r i d e  system represent  da ta  t o  which t h e  end group co r rec t ion  was applied.  
I n  Table I11 t h e  thermodynamic constants ca lcu la ted  f o r  both t h e  o r i g i n a l  and 
t h e  corrected da ta  a r e  stown f o r  comparison. 

With t h e  da t a  taken  a t  2.5", 

The average value o f  E,, determined a t  temperatures 

P l o t s  of formation cons tan ts  E 1/T f o r  dimerization and 
The thermodynamic cons tan ts  derived 

DISCUSSION 

Coggeshall and Sa ier  ( 3 )  found that a dimerization-stepwise a s soc ia t ion  model 
adequately descr ibes  the  e f f e c t s  of se l f -assoc ia t ion  on t h e  fundamental 0-H band 
3f phenol i n  carbon t e t r a c h l o r i d e  solution. O u r  r e s u l t s  obtained i n  t h e  f i r s t  
overtone region confirm t h e  v a l i d i t y  of t h e  model and show, i n  addi t ion ,  that 
it i s  appl icable  t o  se l f - a s soc ia t ion  i n  cyclohexane so lu t ion .  

Cur values 
can be campared with values of 1.39 and 2.94 l./mole found b y  Coggeshall and Sa ier  
a t  ambient instrument tempfratwe and wi th  values of 0.70 and 0.83 l./mole reported 
by  West and coworkers (1, 2 )  for K 2  a t  25". 
kcal.  /mole i s  i n  exce l l en t  agreement wi th  t h e  value o f  -5.1 kcal./mole reported 
by Maguire and West (1). A more recent value of -3.6 reported b y  Powell and West 
(2) scems abnormally low. 
fcrmation of higher multimers, but our value of -4.32 kcal./mole agrees  we l l  wi th  
an Dverall heat sf a s soc ia t ion  of -4.35 kcal./mole reported by Mecke (4). 
wcrked with r e l a t i v e l y  high concentrations of phenol, and h i s  value i s  heavi ly  
weighted tcward t h e  stepwise heat of formation. 

sf 0.94 and 3.25 l./mole f o r  K2 and K i n  carbon t e t r a c h l o r i d e  a t  25" 

O u r  heat of dimerization of -5.05 

No d i r e c t  comparison can be  made f o r  t h e  heat of 

Mecke 

Eoth t h e  dimerization cons tan ts  and t h e  stepwise formation cons tan ts  a r e  approximately 
twice 3 s  l a rge  i n  cyclohexane so lu t ion  a s  i n  carbon t e t r a c h l o r i d e  so lu t ion .  The hea ts  
cf fcrmation i n  t h e  hydrocarbm solvent,  however, a r e  only 10 t o  20$ higher than  
those  i n  the  chlorinated solvent.  Similar r e s u l t s  have been obtained r ecen t ly  f o r  
a v a r i e t y  of hydrogen bonded complexes of phenol i n  these  two so lven t s  (5).  

\ 
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The average value o f  0.4 l./mole-cm. found f o r  t h e  end group a b s o r p t i v i t y  i n  
carbon t e t r a c h l o r i d e  solut-ion i s  approximately 0.1 a s  l a rge  as  t h e  abso rp t iv i ty  
of t h e  f r e e  0-H group'. This  r e s u l t  i nd ica t e s  ei ther that t h e  0-H end groups 
i n t e r f e r e  only  s l i g h t l y  a t  the frequency where t h e  monomer band occurs o r  that 
t h e  concentration of end groups is much lower than one would expect on t h e  
b a s i s  of a l i n e a r  a s s o c i a t i o n  model. A low concentration of end groups could 
r e s u l t  f m m  t h e  formation o f  c y c l i c  multimers or  three dimensional aggregates. 
Most workers i n  t h i s  f i e l d  have assumed that end group absorption i s  negl ig ib le  
but have recognized t h a t  the assumption might introduce major errors i n  t h e  
ca lcu la ted  formation cons tan ts .  The present r e s u l t s  show that t h e  assumption 
i s  reasonably va l id ,  a t  l e a s t  i n  t h e  f irst  overtone region. b t a  r ecen t ly  
presented b y  Bellamy and Pace (6) ind ica t e  that t h e  end group abso rp t iv i ty  may 
be  a s  l a rge  as 0.3~1 i n  t h e  fundamental region. 

The ques t ion  of  whether a l c o h o l s  and phenols form l i n e a r  or cyc l i c  dimers, or 
both,  has been discussed widely. Considerable evidence favoring t h e  predominance 
of c y c l i c  dimers has been presented, b u t  r ecen t  work by Bellamy and Pace (6), 
Ibb i t son  and Moore ( 7 ) ,  and Malecki (8) emphasizes t h e  importance o f  l i n e a r  
dimers. Our thermodynamic r e s u l t s  i nd ica t e  t h a t  a s i g n i f i c a n t  f r a c t i o n  of t h e  
phenol dimer i s  i n  t h e  l i n e a r  form. 

The apparent dimerization cons tan t  and heat of formation of t h e  dimer a r e  r e l a t e d  
' t o  the indiv idua l  va lues  f o r  the l i n e a r  and c y c l i c  forms as  follows ( 9 ) :  

where t h e  subsc r ip t s  A, L, and C represent  apparent,  l i n e a r ,  and cyc l ic .  If we 
assume that the heat o f  formation o f  the l i n e a r  dimer i s  equal t o  t h e  stepwise 
hea t  of formation of h igher  multimers, we can ca l cu la t e  va lues  of AI+, &c, and 
A'~L for various assumed r a t i o s  o f  KL and KC (Table IV).  Making t h e  reasonable 
assumption that LSc i s  l a r g e r  t han  &L but somewhat less than  twice a s  la rge ,  
w e  conclude that t h e  ratio of KL t o  Kc i s  a t  l e a s t  0.5 and poss ib ly  g rea t e r  than 
unity.  
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TABLE I 

TEST OF METHOD FOR END GROUP CORRECTION (SYNTHETIC DATA) 

Calculated 
Theore t ica l  Uncorrected Corrected 

D i m e r  
Trimer 
Tetramer 
Pentamer 
He xame r 
Dimer-Trimer 
D i m e r  -Tetramer 
Dimer + Tetramer 
Dimer + Pentamer 
Dimer + Octamer 
Dimer - St epw i se 

0 1.22 (0.24~1)  
3-17 2.92 
7.05 9.45 
0.0069 0.0001 

TABU I1 

TEST OF MODELS FOR SELF-ASSOCIATION OF PHENOL 

Standard Error  
Cyc lohe =nea ccl,b 

a Phenol concentrations up t o  0.65g a t  22.2O. 

Phencl concentrations up t o  1.0g a t  20.7". 

Negative values fo r  one or more constants.  
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TABLE 111 

THERMODYNAMIC CONSI!ANTS FOR SELF-ASSOCIATION OF PHENOL 

Thermodynamic Constant Dimer Formation H1a;her Multlmer Format i o n  

Cyclohexane Solu t ion  

KzS0, 1. /mole 
AF', kcal .  /mole 
AH, kcal .  /mole 
AS, ca l .  /mole-degree 

2.10 
- 0.44 
- 5.63m.21 
-17.4 

CC14 Solu t ion  (With End Group Correct ion)  

, 1. /mole 
aF, kcal .  /mole 
AH, kcal./mole 
AS, cal./mole-degree 

0.94 
0.04 

- 5.03Xl.27 
-17.0 

C C 4  Solu t ion  (Without End Group Correct ion)  

KzS0, 1. /mole 
AF', kca l .  /mole 
AH, kcal .  /mole 
AS, cal. /mole-degree 

1.09 - 0.05 
- 6.08m.21 
-20.2 

TABLE IV 

6.68 
- 1.15 
- 5 . 2 2 ~ ~ 1 3  
-13.7 

3-25 
- 0.70 
- 4.32S.28 
-12.2 

2.74 
- 0.60 
- 4.07+0.06 
-11.7 

THERMODYNAMIC CALCULATIONS FOR PHENOL DIMEBIZATION 

b 
Assumed C C l a a  Cyclohexane 

K L I k  - -% - -Bc - -A% - -4 3 - -as, 
0 5.03 17.0 4 5.63 17.4 00 

0.5 5.40 19.0 17.0 5.85 18.9 17.9 
0.1 5.10 17.4 19.3 5.73 17-9 20.9 

1.0 5.74 20.8 16.0 6.05 20.2 17.4 
2.0 6.44 24.0 15.4 6.48 22.4 16.9 

a ML = -4.32 kcal./mole 

ABL -5.22 kcal./mole 

k 
\ 
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0 Experimental data 

/ .  0 Experimental data 

~ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 o.oo 
PHENOL, M 

Figure 1. F i t  of Experimental h t a  t o  Various Self-Association Models 
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1.0 2 .o 3.0 4.0 5.0 6.0 7 .O 
ASSOCIATION CONSTANT.  I/m 

Figure 2. Correction f o r  End Group Absorpt ivi ty  (CC14 Solu t ions  a t  2.5") 

0.4 I I I I 1 ' 1  I I I 
2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 

Bnthslples for Dim?rizatlon and Stepwise Association. 

I/T x 103 

Figure 3. 


